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Abstract

Introduction

A porous, biodegradable polymer composite was
fabricated from poly(L-lactic acid) (PLLA) using a solvent-casting particulate-leaching technique, and loaded
with recombinant human transforming growth factor {3-1
(TGF-{31). Tissue culture polystyrene (TCPS) and
PLLA disks loaded with bovine serum albumin (BSA)
served as controls. Polymer specimens were seeded at
high cell density with C3H10T1/2 cells, a mouse embryonic cell line capable of differentiating into various connective tissue cell types. The polymer matrices degraded slowly in physiological saline over four weeks, with
a sustained yet sporadic release of active TGF-{31; a
more controlled release of TGF-{31 was observed in
serum-containing culture medium and with cell seeding.
Compared to controls, cells seeded on TGF-{31-Ioaded
PLLA disks showed significantly enhanced DNA and
proteoglycan synthesis, while collagen biosynthesis was
greater in all PLLA cultures compared to those on
TCPS. Scanning electron microscopy revealed extensive
cell proliferation, with a chondrocyte-like phenotype,
throughout the porous matrix, while histology showed
intact cell bodies and minimal cellular necrosis. These
results suggest that the TGF-{31-loaded cell-polymer
composite supports cell proliferation/differentiation, and
is a candidate template for connective tissue engineering.

Current surgical procedures to correct connective
tissue defects involve primarily the use of autogenous or
allogeneic tissue grafts (Brown and Cruess, 1982; Prolo
and Rodrigo, 1985; Lane and Sandhu, 1987). In the
case of both bone and cartilage, autogenous grafts have
limited application because of a scarce supply of donor
tissues (Ca.mesale and Spankus, 1961; Springfield,
1987; Wakitani et al., 1994). Specific drawbacks include the inherent difficulty in forming three-dimensional
implants from host cartilage, and donor site morbidity
associated with autogenous bone grafts (Mark et al.,
1990; Langer and Vacanti, 1993). Allograft tissue, on
the other hand, is more readily available, but the risk of
disease transmission and immune responses to alloantigens present difficulties (Bos et al., 1983; Buck and
Malinin, 1989). As such, there is a need to develop effective replacement therapies for connective tissue defects that possess the desirable characteristics of autogenous grafts (i.e., osteo/chondrogenic activity and
biocompatibility) without the intrinsic disadvantages
(i.e., lack of cell supply, donor site morbidity, etc.).
Recent advances in tissue engineering have successfully
applied the principles of engineering and of life sciences
to the formation of biologically compatible substrates
capable of regenerating functional mammalian connective
tissue both in vitro and in vivb. Current methods
involve the isolation of primary, differentiated cells (i.e.,
chondrocytes and osteoblasts) from biopsies of host
tissue and seeding these cells on carrier materials (Iyoda
et al., 1993; Freed et al. , 1993, 1994; Langer and
Vacanti, 1993; Vacanti et al., 1993; Vacanti and
Vacanti, 1994). A major limitation of these techniques
is that invasive surgical procedures are required to
harvest the necessary quantity of cells. In addition, the
problem of limited donor tissue supply is not
circumvented as the cellular component of the implant is
harvested from existing tissue.
A more desirable candidate source of specialized
connective tissue cells is undifferentiated mesenchymal
cells which have the potential to express osteo/chondro-
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oratory have shown that high density micromass cultures
of 10Tl/2 cells treated with TGF-/11 form aggregates
that possess cartilage nodule-like properties (Denker et
al., 1993, 1994a, 1994b, 1995). In the present study,
multipotential 10Tl/2 cells were seeded at high density
onto the polymer scaffolds loaded with TGF-/11 in an
attempt to stimulate connective tissue formation.
In this work, we have characterized the degradation
of the scaffold material as well as the release kinetics of
TGF-/11 from the polymer matrix.
Morphologic
changes of the scaffold and accompanying cellular and
biochemical responses to the scaffold were also examined to assess the efficacy of the composite as a template
for tissue regeneration. The in vitro studies indicate that
porous biodegradable matrices can be fabricated to allow
for the delivery of stimulatory agents (i.e., TGF-/11) in
a controlled manner without severe degradation of the
scaffold structure. Further analyses reveal that mesenchymal cells readily adhere to and are incorporated within the porous polymer substrata, and that the synthesis
of biological molecules by cells within these substrata is
enhanced as compared to controls consisting of cells cultured on standard tissue culture ware.

genic phenotypes (Caplan, 1991). Studies utilizing
mesenchymal cells that possess such osteo/chondrogenic
potential have been initiated to assist in the repair of
bone and cartilage defects (e.g., Goshima et al., 1991;
Wak:itani et al., 1994). Although these models have
been successful in providing a template for tissue
regeneration, inconsistent bonding between the repair
tissue and the adjacent, endogenous tissue is often
encountered (Mow et al., 1991).
In this study, we describe the properties of a model
substrate for potential use in the repair of connective
tissue defects that consists of pluripotent mesenchymal
cells seeded onto a biodegradable polymer scaffold
which is loaded with transforming growth factor-/11
(TGF-/11}, a known osteo- and chondro-active polypeptide (Centrella et al., 1994).
The polymer scaffold was fabricated from poly(Llactic acid) (PLLA). PLLA is an FDA approved suture
material that is both biocompatible and biodegradable, as
it undergoes hydrolytic degradation to lactic acid, a
normal metabolite in carbohydrate metabolism (Kulkarni
et al., 1971). The polymer matrix was produced in a
porous format using a solvent-casting particulate-leaching technique adapted from a method described by
Mikos et al. (1993). The advantage of a porous matrix
is that it allows for effective nutrient transport between
cells and for a high surface area to volume ratio to enhance cell-polymer interactions (Cima et al., 1991).
We have selected to incorporate TGF-/11, a 25 kDa
homodimeric polypeptide, into the polymer matrix because of its demonstrated bioactivity in the cellular
events associated with bone and cartilage development
(Centrella et al., 1991, 1994). Expression of TGF-/11
has been detected in bone and cartilage, as well as precartilage mesenchyme, and has been shown to induce the
production of several bone and cartilage components
(Massague, 1990; Leonard et al., 1991; Sato and Tuan,
1992; Sandberg et al., 1993; Sato et al., 1993). Recent
work in our laboratory also suggests that TGF-/11 may
enhance osseointegration, the process by which bone
forms in direct apposition to titanium implants (Chesmel
et al., 1993). As such, the addition of this biologically
active molecule to the polymer matrix may provide
needed stability by enhancing appropriate cellular differentiation and thus, fortifying the interface between the
cell-polymer composite and the surrounding tissue.
The cellular component of the scaffold was derived
from C3H10Tl/2 clone 8 cells, a murine, embryonic fibroblast-like cell line. 10T1/2 cells have been reported
to express phenotypes equivalent to muscle, fat, bone,
and cartilage (Taylor and Jones, 1979; Konieczny and
Emerson, 1984; Wang et al., 1993). Evidence suggests
that the differentiated state of lOTl/2 cells may be influenced by specific culture conditions. Studies in our lab-

Materials and Methods
Polymer fabrication
Porous PLLA matrices were prepared using a solvent-casting particulate-leaching technique modified from
a method previously described by Mikos et al. (1993).
A schematic of the procedure is outlined in Figure 1.
Enzyme grade sodium chloride (Fisher Scientific, Pittsburgh, PA) was ground in an analytical mill (Chemical
Rubber Co., Cleveland, OH) and sieved to the desired
particle size using a sieve shaker (Newark Wire Cloth
Co., Neward, NJ). For each polymer film, 4.5 g of sodium chloride of particle diameter 63 p.m < d < 250
p.m was placed in a 15 ml polypropylene centrifuge tube
(Fisher Scientific) with 0.5 g of PLLA (Polysciences,
Inc., Warrington, PA) with a molecular weight (MW) of
2 kDa, and 8 ml of chloroform. The solution was vortexed and the resulting suspension was cast into a Pyrex
30 ml glass beaker of base diameter 3 em. The beaker
was sealed with Parafilm with punctured holes for ventilation, and placed in a fume hood at 25°C for 48 hours
to allow for solvent evaporation. The specimen was
then rinsed with distilled, deionized water and vacuumdried for 24 hours at a moderate pressure to remove any
residual solvent. Twenty-five ml of distilled, deionized
water were then added to the beaker for 12 hours at
25°C. Afterwards, the 30 ml beaker was placed inside
a 400 ml beaker to which 250 ml of distilled, deionized
water was added. The beaker was immersed for a period of 72 hours, over which time the water was changed
232
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A
Polymer Layer

Figure 1. Polymer scaffold synthesis. (A) 4.5 g of NaCl, 0.5
g of PLLA and 8 m1 of chloroform are cast into a 30 m1 glass
beaker. After 48 hours of solvent evaporation in a fume hood, a
salt layer forms at the base of the beaker while a polymer layer
forms above.
{B) The sample is vacuumdried for 24 hours to remove
residual solvent and immersed
in a large beaker with 250 ml
distilled, deionized water for
72 hours.
The water is
changed every 12 hours to
leach out salt particles. During the immersion procedure,
the polymer layer lifts off of
the salt layer, forming a polymer sheet. The polymer surface exposed to the salt layer
is highly porous, while the opposite surface forms a smooth,
rigid foundation.

NaCIIayer
Water

B

c

(C) Following salt-leaching,
the polymer scaffold is carefully removed, air-dried on filter paper for 24 hours, vacuum-dried for an additional 24
hours, and stored in a desiccator until use.

Petri Dish

Filter Paper
every 12 hours to leach out the salt particles. During
the immersion period, the polymer layer lifted and separated from the salt layer to form a polymer film. The
polymer surface exposed to the salt layer was highly porous while the opposite surface formed a rigid foundation. Following salt-leaching, the polymer matrix was
removed and air-dried for 24 hours at 25°C on Whatman filter paper. The salt-free matrix was then vacuumdried for 24 hours in a polystyrene Petri dish and stored
in a desiccator under vacuum until use.

and the pH of the respective immersion solutions was
measured to test for the presence of acidic degradation
products. The disks were then washed twice with 3 ml
of distilled, deionized water and vacuum-dried in preweighed polystyrene Petri dishes for 24 hours. After
vacuum-drying, the PLLA disks were weighed to assess
weight loss resulting from matrix degradation. Scanning
electron micrographs were taken as described below.

TGF-Pl preparation
Human recombinant transforming growth factor-,81
(TGF-,81) was a generous gift of Celtrix Laboratories,
Inc. (Palo Alto, CA) and was prepared according to instructions supplied. Briefly, aliquots of TGF-,81 were
prepared in 10 mM HCl following lyophilization in 1%
bovine serum albumin (BSA) (Sigma Chemical Co., St.
Louis, MO). A BSA control solution was similarly prepared using lyophilized 1% BSA in 10 mM HCI. All
solutions were stored at -70°C until use.

Polymer degradation
PLLA disks fashioned from polymer films prepared
as described above were sterilized by ultraviolet irradiation for exposure times (15 minutes) sufficient to kill
mold spores and bacteria as indicated by a germicidal
lamp monitor (Vanguard International, Neptune, NJ).
PLLA disks were placed in 35 x 10 mm tissue culture
dishes (Coming Plastics, Coming, NY) to which 3 ml of
sterile phosphate buffered saline (PBS), pH 7 .4, was
added. The dishes were incubated at 37°C in a humidified atmosphere. A total of 10 disks were used, each
weighing 22 mg. At specific time points: 2, 7, 14, 22,
and 30 days, duplicate polymer specimens were removed

In vitro release assays
Immersion PLLA disks weighing approximately 30
mg, with a 1 em diameter and thickness of 1 mm, were
bored from polymer films and sterilized as described
above. The polymer disks were placed in Coming 24233
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well polystyrene tissue culture plates and fixed to the
bottom of the wells using an inert, high temperature
vacuum grease (Dow Coming, Midland, MI). Experimental disks were coated with 30 ~tl of a solution containing 0.5 ILg of TGF-/)'1 and 0.3 mg of BSA, while an
equal number of control specimens were coated with 30
~tl of a solution containing 0.3 mg of BSA. The PLLA
disks were dried in a laminar flow hood for 15 minutes,
allowing the loaded proteins to adsorb onto the surfaces
of the polymers in a uniform manner. Each well was
then flooded with 1 ml of sterile PBS, pH 7 .4, and
incubated in a humidified atmosphere at 37 °C, 5% C02.
Aliquots of 200 ~tl were taken at specific time points
(from 2 hours to 28 days) and stored at -20°C in 0.5 ml
microcentrifuge tubes (USA Scientific, Ocala, FL). A
200 ~tl volume of PBS was then added to each sample to
maintain a constant volume. All subsequent measurements of protein and growth factor release were corrected for this dilution.

Following incubation, the wells were aspirated, and
media containing TGF-J)'1 of known concentrations (0.1
pM to 10.0 pM) as well as BSA control solutions were
added to the wells in triplicate. Aliquots from the
PLLA immersion solutions were diluted 1150 and added
to the wells at this time. The dishes were incubated for
an additional 24 hours.
After treatment with TGF-J)'1 standard and PLLA
immersion solutions, the wells were aspirated and the
cells labeled for 2 hours with I ~tCi/ml · of rJH]-thymidine (DuPont-NEN Research Products, Boston, MA).
At the conclusion of the incubation period, each well
was washed with I ml of PBS, pH 7.4, fixed for 10
minutes with 10% trichloroacetic acid (TCA), washed
twice with PBS, and then solubilized with 2% sodium
dodecyl sulfate (SDS). Radioisotope incorporation into
each sample was determined in duplicate by liquid scintillation counting using a Beckman LS1800 Liquid Scintillation Counter (Beckman Instruments, Fullerton, CA).
An additional short-term TGF-J)'1 release study (5
days) was conducted in the presence of serum-containing
tissue culture medium (TCM) and 10Tl/2 cells. This
was done to more accurately simulate the interstitial
fluid that the composite materials would encounter in a
physiological milieu. The polymer specimens were prepared following the methodology and culture conditions
described below.

Total protein release The kinetic profile of total
protein release (BSA and TGF-J)'1) into the PBS immersion solution was determined spectrophotometrically
based on ultra-violet (UV) absorption. A standard curve
was prepared by measuring the A220 of BSA solutions
(Pierce Chemicals, Rockford , IL) in PBS of known concentration ranging from 0.005 to 0.5 mg/ml. Duplicate
readings of 100 ~tl volumes were measured at each concentration using an LBK Biochrom Ultrospec II spectrophotometer (Pharmacia-LKB Biochrom, Cambridge,
UK) with PBS as the reference. The A220 of 100 ~tl aliquots from PLLA immersion solutions was measured in
a similar manner.

Statistics Calibration curves were constructed for
both total protein and active TGF-J)'I using the measured
values obtained from cell cultures treated with standard
solutions of known TGF-J)'1 concentration. The calibration curve for active TGF-J)'I determination was prepared by calculating rJH]-thymidine incorporation as a
percentage of that measured for BSA controls. Quantitative values for total protein and active TGF-J)'1 release
were determined by fitting the linear portions of the
standard curves to a linear regression line. This method
allowed for the extrapolation of unknown concentrations
of total protein and TGF-J)'l released into the immersion
solutions given known A220 and rJH]-thymidine incorporation values, respectively. The regressions were computed using a statistical program designed on Mathcad,
a commercially available, mathematical software package.

Release of active TGF-Ill The release of active
TGF-J)'1 from the PLLA matrices was assessed using the
Mv1Lu mink lung epithelial cell inhibition assay
(Cheifetz et al., 1987; Jennings et al. , 1988). This
assay determines TGF-J)'1 activity based on its inhibition
of Mv1Lu cell proliferation, as these cells are arrested
by TGF-J)'1 in the G 1 phase of the cell cycle (Moses et
al., 1990). Confluent Mv1Lu cells (American Type
Culture Collection, Rockville, MD) were plated in Coming 24-well polystyrene tissue culture dishes at a density
4 x 104 cells/well in 1 ml of Dulbecco's Modified Eagle's Medium (DMEM) (Gibco Laboratories, Life Technologies, Inc., Grand Island, NY) supplemented with
1% fetal bovine serum (FBS) (Hyclone Laboratories,
Logan, UT) and 50 ~tglml each of penicillin and streptomycin (Sigma Cell Culture). Cell number was determined by direct counting with a hemacytometer and viability was assessed by trypan blue exclusion (0.4% in
PBS, pH 7.4). Dishes were incubated at 3rc and 5%
C02 for 24 hours to allow the cells to adhere to · the
bottom of the wells.

Cell culture
Monolayer cultures of C3H10Tl/2 cells (American
Type Culture Collection) were maintained in Coming
polystyrene tissue culture flasks in DMEM supplemented
with 10% FBS and 50 JLglml each of penicillin and
streptomycin. Cultures were incubated in a humidified
atmosphere at 37°C and 5% C02 , and medium was
changed every three to four days.
PLLA disks weighing approximately 30 mg, with a
234

TGF-/31 loaded cell-polymer composite
utes, and washed extensively with distilled, deionized
water. Additional samples were rinsed in PBS, dehydrated with a graded series of alcohol and embedded in
Paraplast (Monoject, St. Louis, MO). Specimens were
serially sectioned at 8 JLm thickness using a ReichertJung Supercut Microtome (Heidelberg, Germany) and
mounted on slides with a 0.1% Elmer's glue solution.
Slides were lightly stained with hematoxylin and eosin
(Sigma) as described in Humason (1967) and observed
by Nomarksi interference optics using an Olympus BH2
microscope (Olympus Corp., Lake Success, NY).

1 em diameter and thickness of 1 mm, were loaded with
TGF-/31 and BSA control solutions and fixed to 24-well
tissue culture plates as described above. For cell culture, the wells were pretreated with 10 JLl of 12%
poly(2-hydroxyethyl methacrylate) (Polysciences, Inc.)
to ensure that the C3H10Tl/2 cells adhered only to the
PLLA specimens. Tissue culture polystyrene control
disks (TCPS) were prepared from standard tissue culture
dishes (Corning Plastics, Corning, NY) using a metal
punch of 1 em diameter. High density cultures were
achieved by modification of the micromass culture technique of Ahrens et al. (1977) as described recently
(Denker et al., 1995). Trypsinized cells were resuspended in Ham's F-12 medium (Gibco Laboratories,
Life Technologies, Inc.) supplemented with 10% FBS
and 50 JLglml each of penicillin and streptomycin to a
final concentration of 12.5 x 106 cells/mi. A 20 JLl drop
of this cell suspension was plated in each well in the
center of each polymer disk. The cells were allowed to
adhere to the materials for 10 minutes, after which, the
wells were flooded with 1 ml of medium. All plates
were incubated at 37 °C, 5% C02 for a five day period.
Medium was changed after three days in culture.

Scanning electron microscopy (SEM) Specimens
of PLLA polymer matrix were sputter-coated with gold
and observed with a JEOL (JEOL USA, Peabody, MA)
model 35C scanning electron microscope operated at an
accelerating voltage of 25 kV. For cell-polymer composites, the specimens were fixed for two hours at room
temperature in glutaraldehyde (2.5%) in cacodylate buffer (0.13 M, pH 7 .4) (Tuan et al., 1991). After critical
point drying, specimens were sputter-coated with gold
and similarly examined.
Results

Metabolic labeling
The topography of the surface of a typical PLLA
substrate observed by SEM is presented in Figure 2.
The resulting matrix was highly porous with pore sizes
ranging between 100 and 200 JLm. Characterization of
the biodegradable polymers revealed an initial phase of
bulk degradation at 2 days of immersion, corresponding
to an average weight loss of 12%. This was followed
by a slow but steady degradation resulting in an average
weight loss of 22% after 30 days of immersion (Fig. 3).
The pH of the immersion solutions (PBS, pH 7.4) remained at 7.0-7.5 for two weeks, falling to 6.0-6.5 by
day 22, and 5.5-6.0 by day 30. SEM analysis of immersed specimens showed a parallel, temporal degradation of macroporous structures on the surfaces of the
PLLA disks (Fig. 4).
The profile of total protein release into PBS immersion solutions closely resembled that of PLLA degradation. An initial burst of protein was followed by a gradual release over the remainder of the 28 day immersion
period (Fig. SA). A total of 0.1 ± 0.02 mg of protein
had been released after 2 hours, corresponding to 33%
of the original protein load. By 28 days, an average of
0.27 ± 0.02 mg had been released, representing 90% of
the original loaded amount. At 2 hours, protein release
occurred at a rate of 1.2 ± 0.23 mg/day, and by day
28, the rate had dropped to just 0.005 ± 0.001 mg/day.
The release kinetics of active TGF-/31 from PLLA
matrices into PBS was distinct from that observed for
total protein. An initial rapid release at 2 hours was
superseded by a fluctuating pattern characterized _by

DNA and sulfated proteoglycan synthesis by cultured lOTl/2 cells was determined by measuring cJH]thymidine and cJ 5s]-sulfate incorporation, respectively.
Twelve hours prior to harvest, cells were labeled with
rJH]-thymidine at 2 JLCi/ml and N~ 35 so4 at 5 JLCilml
in a 100 JLl volume of Ham's F-12 medium. At 12, 24,
and 36 hours, the medium was removed and the cells
were washed with PBS, fixed with 10% TCA for 10
minutes, washed twice with PBS, and solubilized with
2% SDS. Radioisotope incorporation was determined by
liquid scintillation counting of the soluble cell extracts
and the accompanying polymer disks using a quenched
counting program. Relative collagen biosynthesis was
estimated as the DPM ratio of [14 C]-proline to cJH]leucine incorporation. Twenty-four hours prior to
harvest, cells were labeled with eH]-leucine at 2 JLCi/ml
and [ 14C]-proline at 0.5 JLCi/ml. At days 1, 3, and 5,
cells were harvested as described above, and radioactivity incorporation was determined by dual isotope counting. Background radioactivity was accounted for by
mock-labeling blank disks (PLLA and TCPS) and subtracting the value from those obtained for all experimental and control samples.
Cellular morphology
Histology Cell-polymer composites were rinsed
twice in PBS, pH 7 .4, anrl fixed for 15 minutes in paraformaldehyde (4% in PBS, pH 7.4). Specimens prepared for whole mount staining were rinsed in PBS,
stained with hematoxylin Gill no. 3 (Sigma) for 5 min235
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Figure 2. Morphology of polymer surface. Scanning
electron micrograph of the surface of a typical PLLA
substrate (adjacent to the salt layer), produced using the
solvent-casting particulate-leaching technique described
in Figure 1, revealed a highly porous matrix with pore
sizes ranging between 100 and 200 J.tm. Bar = 100 JLm.
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Figure 4. Effect of degradation on polymer morphology. SEM analysis revealed a temporal degradation
of macroporous structures on the surfaces of PLLA
disks following immersion (PBS, pH 7 .4) at 3rC for
(A) 2 days and (B) 30 days. Bar = 100 J.tm.
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the polymer substrates.
The release kinetics of active TGF-,81 from polymer
matrices seeded with 10Tl/2 cells into tissue culture medium (TCM) containing serum was on the same order of
magnitude as that measured in PBS. The results differed, however, in that the release in TCM was more rapid
and predictable. After 5 days, 2.6 ± 0.3 ng had been
released from samples immersed in TCM as compared
to 1.7 ± 1.2 ng in PBS . In addition, the release of
TGF-,81 in TCM was sustained over the 5 day period,
whereas the release in PBS was much less stable (Fig.
6). In all cases (both PBS and TCM immersion), control samples loaded with BSA only displayed no TGF,81-like activity.
Metabolic labeling revealed that DNA and sulfated
proteoglycan biosynthesis by lOTl/2 cells was significantly enhanced in PLLA disks loaded with TGF-,81. At
24 hours, PLLA/TGF-,81 specimens displayed levels of
DNA synthesis that were about 2.5 times greater than in

30

Time (days)

Figure 3. Polymer degradation. PLLA specimens immersed in PBS, pH 7.4, at 3rc displayed an initial
phase of bulk degradation at 2 days of immersion, corresponding to an average weight loss of 12 percent.
After 30 days of immersion, the polymer samples had
lost on average, 22 percent of their initial weight.
Results represent the mean ± standard deviation (S.D.)
for duplicate samples at each time point.
extended plateaus (lasting up to 9 days) and sudden
bursts (Fig. 5B). By day 28, an average of 7.8 ± 1.5
ng of active TGF-/H had been released, the majority of
release having occurred between 14 and 28 days of immersion. The cumulative release represented less than
2% of the original amount of growth factor loaded onto
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Figure 5. Kinetics and cumulative release of total protein and active TGF-{11 from PLLA scaffolds upon immersion
in PBS. PLLA disks were loaded with TGF-(Jl/BSA and immersed in PBS and released protein and active TGF-{11
assayed as described in Materials and Methods. (A) Cumulative and kinetics of total protein release. An initial burst
was followed by a gradual release over the remainder of the 28 day immersion period. After 2 hours, 0.1 mg of protein
had been desorbed, corresponding to 33% of the total amount of loaded protein. By 28 days, an average of 0.27 mg
had been released, representing 90% of the original loaded amount. Protein release occurred at a rate of 1.2 mg/day
at 2 hours; falling to 0.005 mg/day by day 28. (B) Cumulative and kinetics of active TGF-{11 release. The nature
of active TGF-{11 release was such that an initial rapid release at 2 hours was superseded by a fluctuating pattern marked
by apparently random bursts. After 28 days, an average of 7.8 ng of active TGF-{11 had been released, the majority
of release having occurred between 14 and 28 days of immersion. The cumulative release of active TGF-{11 represented
less than 2% of the original amount of growth factor loaded onto the polymer substrates. Results represent the mean
± S.D. for triplicate samples at each time point.
Discussion

PLLA/BSA disks, and 5.5 times greater than in TCPS
samples (Fig. 7 A). Similarly, levels of sulfated proteoglycan synthesis were 3.0 times greater than in PLLA/
SA disks, and 13.0 times greater than in TCPS samples
(Fig. 7B). Collagen biosynthesis was greater in all
PLLA specimens (TGF-{11 and BSA treated) in comparison to TCPS. Collagen production remained steady over
a 5 day period, with synthesis levels 3 times higher in
both PLLA/TGF-{11 and PLLA/BSA disks compared to
TCPS samples (Fig. 8). Experiments in which cells
were seeded onto PLLA substrates at lower densities
showed no significant differences in biochemical synthesis levels between TGF-{11 and BSA-loaded disks (data
not shown).
SEM analysis revealed that the 10Tl/2 cells seeded
onto the PLLA polymer matrix displayed a small, rounded shape, atypical of fibroblast morphology (Fig. 9A).
The cells adhered to and were incorporated within the
porous PLLA substrata, and were found to orient in discrete cell clusters or aggregates throughout the substrate
network. Light microscopic observation of histological
sections of the cell-polymer composite confirmed the
same morphology, and showed intact cell bodies with no
apparent cellular necrosis (Fig. 9B).

This report describes the fabrication of a porous,
biodegradable polymer matrix for the dual purpose of
TGF-{11 delivery and. the construction of a scaffold for
seeded mesenchymal cells, whose activities may be appropriately regulated by TGF-(Jl. The solvent-casting
particulate-leaching technique that was employed was
relatively straightforward and easy to perform, and consistently resulted in the production of a polymer substrate with a three-dimensional, porous matrix. Porosity
was an essential property of the composite, as a number
of studies have suggested that porous materials may improve biocompatibility and tissue conduction within and
around clinical implants (Meikle et al., 1994; Gombotz
et al. , 1994). PLLA with a MW of 2 kDa was used as
the starting material since high molecular weight polymers (i.e. , ~ 50 kDa) , which degrade more slowly,
may create barriers to connective tissue formation
(Hollinger and Battistone, 1986). Indeed, previous studies have shown that composite graft substitutes consisting of low molecular weight poly(lactic acid) (650 Da)
and bone morphogenetic protein (BMP), a member of
the TGF -(J superfamily, stimulate ectopic bone formation
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Figure 6.
Kinetics and
cumulative release of active
TGF-,81 from PLLA scaffolds upon immersion in tissue culture medium. PLLA
specimens loaded with TGF,81 and seeded with
C3H10Tl/2 cells were immersed in tissue culture
medium for 5 days at 37 °C,
5% C02 , and active TGF-.81
release assayed as described
in Materials and Methods.
(A) Cumulative TGF-,81 release. (B) Rate of active
TGF-,81 release. The release of active TGF-,81 in
the presence of serum-containing tissue culture medium and 10Tl/2 cells was
more sustained (A) and rapid
(B) than in PBS (see Fig. 5).
After 5 days, 2.6 ng had
been released from samples
immersed in TCM as compared to 1.7 ng in PBS. Results represent the mean ±
S.D. for triplicate samples at
each time point.

Figure 7. Estimation of early DNA and sulfated proteoglycan synthesis by C3H10Tl/2 cells cultured on polymer
substrates. DNA and sulfated proteoglycan synthesis by 10Tl/2 cells cultured on PLLA disks were estimated by
measuring (A) eHJ-thymidineand (B) 5s]- sulfate incorporation, respectively. (A) Thymidine incorporation. DNA
synthesis by 10Tl/2 cells was enhanced in PLLA disks loaded with TGF-,81, as PLLA/ TGF-.81 samples showed
significantly more incorporation (p < 0.05) at 24 and 36 hours post-plating. At 24 hours, PLLA/TGF-,81 specimens
displayed levels of DNA synthesis that were about 2.5 times greater than in PLLA/BSA disks, and 5.5 times greater
than in TCPS samples. (B) Sulfate incorporation. Similarly, significantly higher (p < 0.05) sulfated proteoglycan
synthesis was measured in PLLA/TGF-,81 samples. Levels of ess]-sulfate incorporation were 3.0 times greater than
in PLLA/BSA disks, and 13.0 times greater than in TCPS samples. Results represent the mean ± S.D. for triplicate
samples at each time point. *: Denotes significantly more incorporation than corresponding TCPS controls.

e

in an animal model (Miyamoto et al., 1992, 1993). In
addition, Urist and coworkers have suggested that rapidly degrading polymer carriers may be better suited for
the delivery of osteoinductive factors to stimulate new
bone formation (Ferguson et al. , 1987; Lovell et al.,
1989).
A suitable polymer scaffold must provide an adequate surface area for cell migration and extracellular
matrix secretion and degrade in such a way that tissue
formation is not hindered by the presence of unresorbed
polymer fragments (Meikle et al. , 1994). The degradation properties of poly(lactic acid) carriers may vary
depending on the method of synthesis and the specific

enantiomeric composition {i .e. , L versus DL (DL refers
to mixed D and L enantiomers)} and molecular weight
composition (Kulkarni et al. , 1971). It was necessary to
characterize the degradation of the PLLA scaffolds utilized in this study since previous studies used matrices
of higher molecular weight PLLA (approximately 100
kDa) as the starting material (Freed et al. , 1993). The
PLLA disks used here were found to resorb at a rate
(22% weight loss after 30 days) that would seem to satisfy the above requirements. As a consequence of polymer resorption, however, acidic degradation products
may accumulate and elicit intense inflammatory reactions
capable of impeding connective tissue induction (Sela et
238
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Figure 8. Estimation of collagen biosynthesis by
C3H10Tl/2 cells cultured on polymer substrates. Relative collagen biosynthesis by cultured 10Tl/2 cells was
estimated based on [ 14 C]-proline incorporation normalized with respect to eH]-leucine incorporation. Collagen biosynthesis was greater in all PLLA specimens
(TGF-{31 and BSA treated) in comparison to TCPS, and
remained steady over a 5 day period. Overall, synthesis
rates in both PLLA/TGF-{31 and PLLA/BSA disks were
about 3 times greater than in TCPS samples. Results
represent the mean ± S.D. for triplicate samples at each
time point. *: Denotes significantly more incorporation
(p < 0.05) than corresponding TCPS controls.

Figure 9. Morphology of lOTl/2 cells cultured on
PLLA disks loaded with TGF-{31. (A) Under SEM, the
cells displayed a small, rounded morphology, resembling
that of a chondrogenic phenotype. The cells proliferated
throughout the porous PLLA network, and were seen to
cluster in discrete groups (arrows). (B) Under Nomarski interference contrast optics, similar to the SEM
view, cells were seen as clusters (arrow) or single cells
(arrowheads; possibly part of aggregates) dispersed
throughout the PLLA polymeric network which appeared
refractile. Bars = 10 J.Lm (A) and 50 J.Lm (B).

al., 1986; Daniels et al., 1992). Nevertheless, we observed that the pH levels in the local environment of the
porous PLLA scaffolds were likely to be less harmful to
tissue formation than previous reports have suggested.
For example, the pH in the presence of the PLLA disks
remained at physiological levels for 14 days before falling to 5.5-6.0 by the 30th day. In contrast, recently,
Gombotz et al. (1994) , utilizing similar polymers and
immersion medium, reported a pH of 7. 0 maintained for
just 8 days, eventually dropping to 3.0 after 25 days.
In physiological saline, approximately 90% of the
total protein loaded onto the PLLA disks was released,
while only about 2% of active TGF-{31 had been released over the same time period. It is plausible that the
growth factor adhered to the polymer substrates more tenaciously than the BSA carrier protein, as TGF-{31 is
known to exhibit non-specific binding to material surfaces (Jennings et al., 1988). If so, for in vivo applications, a large reserve of bound TGF-{31 may remain in
close contact with the adjacent tissue and elicit a biological response. The presence of such tightly associated,
biologically active TGF-{31 could be assessed by in vivo

experimentation, as the local tissue response to TGF-{31
loaded composites could be examined in comparison to
unloaded controls. An alternative possibility is that most
of the TGF-,81 was released became inactive or denatured form and could not be bioassayed using the growth
inhibition assay. Additional factors may also govern the
release of the growth factor in comparison to total protein. Protein (i.e. BSA) release from the PLLA disks
appears to be primarily a result of simple desorption
from the polymer matrix. Although desorption plays a
role in the release of TGF-{31 , it is likely that the release
of the growth factor is also dictated by the degradation
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synthesis as compared to PLLA/BSA and TCPS control
disks. This result was not surprising as TGF-Jj1 has
been shown to induce the proliferation of fibroblasts
cultured in monolayer and was first identified as a factor
capable of stimulating the growth of rodent fibroblasts in
soft agar (Graycar et al., 1989; Moses et al., 1981).
Collagen biosynthesis was enhanced in all cultures
seeded onto PLLA (TGF-Jj1 and BSA treated). The
significant increase in collagen biosynthesis may be
attributed to the porosity of the PLLA carriers.
Previous studies have suggested that three-dimensional
porous substrates may resemble in vivo extracellular
domains and may affect cellular spreading, such that the
production of extracellular matrix components is
enhanced as compared to cultures maintained on flat,
two-dimensional surfaces (i.e., TCPS) (GroessnerSchreiber and Tuan, 1992; LiVecchi et al., 1994).
However, further studies utilizing flat PLLA controls are
clearly needed to test this explanation.
The marked increase in sulfated proteoglycan synthesis by 10Tl/2 cells cultured ~n PLLA substrates is a
most interesting finding, which likely resulted from the
combination of high cell density and TGF-Jj1 treatment.
It is noteworthy that we have recently shown these conditions to be capable of inducing cartilage nodule-like
properties in multipoteptial cells (Denker et al., 1993,
1994a, 1994b, 1995). Specifically, lOTl/2 cells cultured on TCPS in high density micromass cultures and
treated with TGF-Jj1 formed aggregates or spheroids that
displayed increased levels of sulfated proteoglycan and
type II collagen synthesis, both of which are characteristic components of cartilage matrix. Sulfate uptake is
indicative of differentiation along a chondrogenic pathway, and increased 5s)-sulfate incorporation is considered a marker for chondrogenesis.
The concomitant increase in DNA and sulfated proteoglycan synthesis was somewhat unexpected but can be
explained by the presence of two distinct cell populations
within the PLLA matrices: those that are incorporated
into cell clusters and those that exist as single cells
dispersed throughout the matrix (see, Fig. 9B). It is
likely that the cells that are organized into clusters are
engaged in extensive cell-cell interactions, such as cellcell communication (Coelho and Kosher, 1991) and cell
adhesion (Oberlender and Tuan, 1994a, 1994b), crucial
for cartilage differentiation; these cells are probably
responsible for the increased level of sulfate incorporation observed. On the other hand, the single cells within
the PLLA act as typical fibroblasts and proliferate in
response to the TGF-Jj1 in the polymer matrix.
The rounded cellular morphology of 10Tll2 cells
cultured on the PLLA substrates may also be attributed
to the high cell density in the cultures. High density
culture techniques are believed to maximize the cell-cell

of the PLLA scaffold, thus, perhaps contributing to the
larger variability in the TGF-Jj1 release values.
Nearly 73% of the measured protein was released
within the first two weeks of immersion, whereas 78%
of the measured TGF-/H was released between 2 and 4
weeks of immersion. This further supports the notion
that the growth factor was tightly bound to the polymer
surface, because a majority of the TGF-tH was released
only after much of the PLLA carrier had been hydrolytically degraded. The sporadic kinetics of TGF-/H release as compared to the relatively controlled release of
total protein may also be explained by TGF-Jj1 adherence to the resorbable polymer. PLLA has been shown
to display bulk erosion properties wherein material is
lost from the entire polymer volume (Tamada and
Langer, 1993). Such degradation characteristics often
lead to dose-dumping in applications where the polymers
are used as delivery vehicles (Langer, 1990). This phenomenon is marked by sudden bursts similar to those observed here in the case of TGF-Jj1 release from the
PLLA disks.
The release of active TGF-Jj1 into serum-containing
tissue culture medium and in the presence of seeded
10T1/2 cells appeared to be more rapid than that observed in PBS. A possible explanation is that serum
enzymes may act to degrade the polymer more quickly,
a phenomenon which has been shown to occur with
poly(glycolic acid) (PGA) (Williams and Mort, 1977;
Chu and Williams, 1983), resulting in an accelerated release of the growth factor. Serum proteins may also act
as carriers for TGF-Jj1 in solution. In addition, enzymes released by the seeded cells themselves may also
promote the release of TGF-Jjl. For example, TGF-Jj1
has been shown to stimulate the production of plasminogen activator in a variety of cell types, including rat
calvarial cells (Laschinger et al., 1991); such hydrolytic
enzymes may function in a manner similar to that postulated for the serum enzymes. In this way, the growth
factor may actually facilitate its own release. It is reasonable to assume that the release of biologically active
TGF-Jj1 in vitro from PLLA delivery vehicles in the
presence of serum and/or cultured cells is influenced by
conditions that more closely mimic the actual physiological environment. Nevertheless, it remains to be ascertained whether such in vitro observations is a valid
approximation of in vivo release.
The proliferation and biosynthesis of extracellular
matrix molecules by seeded 10Tl/2 cells was analyzed
at early time points, since it is believed that the initial
interactions of cells with biomaterial surfaces significantly influence subsequent responses to the material,
and are crucial to the overall success of the implant
(Sinha et al., 1994). 10Tl/2 cells cultured on PLLA/
TGF-Jj1 disks exhibited a significant increase in DNA
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interactions that favor the chondrogenic phenotype
(Ahrens et al., 1977; Solursh, 1991). Such conditions
give rise to a rounded, cobblestone-shaped cell morphology similar to that observed within the PLLA scaffolds.
Likewise, the cell clusters observed probably result from
increased cellular interactions that promote cell aggregation. The presence of histologically intact, apparently
viable cells provides further evidence that the PLLA matrices were biocompatible and capable of supporting cell
proliferation and growth.
In swnmary, we have described the properties of
a cell-polymer composite that may serve as a scaffold
for connective tissue regeneration. It will be of interest
to compare our PLLA/TGF-,81 composites to other existing three-dimensional matrices (i.e., PGA). Thus far,
our findings have shown that the cell-polymer scaffold
can effectively deliver TGF-,81 in its biologically active
form, while promoting cellular growth and the biosynthesis of extracellular matrix components by the
seeded mesenchymal cells. Given these results, it is
conceivable that in a physiological milieu, the composite
implants may augment the production of connective tissue as dictated by the local extracellular matrix environment. On the basis of these promising in vitro results,
future work will focus on the chondrogenic nature of the
composites via extensive and long-term characterization
of both the material and cellular components of the
implant, which should serve as groundwork for in vivo
experiments.
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Discussion with Reviewers
T.V. Chirila: What is known about the stability of recombinant human TGF-fj1?
Authors: The recombinant human TGF-fj1 used in this
study was stored at -70°C as recommended by its supplier, Celtrix Laboratories, Inc. The activity of the
TGF-fj1 was most likely not affected by the storage conditions since the growth factor was prepared and frozen
in 10 mM HCl. TGF-fj1 is known to he highly stable in
acidic environments (Lyons et al., 1988) as the biologically active conformation of the growth factor is believed to he favored under such conditions.
T.V. Chirila: In view of the unusual kinetic profile of
TGF-fjl release from the PLLA matrix in the absence of
cells, how many times has this particular experiment
been performed?
Authors: The growth inhibition assay, that was used to
measure the release of active TGF-fj1, has been performed well over a dozen times in our laboratory to assess the release of active TGF-fj1 from a variety of
model biomaterial delivery systems. Therefore, we believe the experimental methodology to he sound. The
release of TGF-fj1 specifically from PLLA matrices has
been performed twice. An initial short-term study indicated that the release kinetics were far different from
those observed for other delivery vehicles (i.e., hydroxyapatite coated titanium alloy rods, bone allografts, and
silica-based xerogels), and necessitated a follow-up study
over a longer time period. The results from the second,
long-term experiment are presented here.
T.V. Chirila: Are there other explanations for the
rounded shape of the cells that appear to proliferate
within the PLLA matrix?
Authors: Materials that do not support cell attachment
have previously been shown to cause cells to adopt a
rounded shape and form clumps (Martin and Rubin,
1974). It could he argued that the rounded shape of the
10Tl/2 cells seen here is due to the incompatibility of
the PLLA matrix. However, the morphology of the
cells and cluster formations observed in the PLLA/TGF111 matrices is quite distinct from that reported by
Martin and Rubin (1974). In addition, these authors reported an inhibition of cell growth under such adverse
culture conditions, a phenomenon that was not observed
in our experiments. In fact, a marked increase in proliferation was noted. These findings, coupled with
measured increases in sulfate incorporation, lead us to
believe that the rounded morphology is due to the differentiation of seeded 10Tl/2 cells along a chondrogenic
pathway as we previously observed in micromass cultures of 10Tl/2 cells (Denker et al., 1995).
243

S.B. Nicoll, A.E. Denker and R.S. Tuan

J. De Larco: In interpreting their data, the authors

Authors: That serum enzymes may act to degrade the
PLLA polymer is suggested by the observation of
Williams and Mort (1977) and Chu and Williams (1983)
on poly(glycolic acid) (PGA). In addition, enzymes released by the seeded cells themselves may also promote
the release of TGF-,81. For example, TGF-,81 has been
shown to stimulate the production of plasminogen activator in a variety of cell types, including rat calvarial cells
(Laschinger et al., 1991); such hydrolytic enzymes may
function in a manner similar to that postulated for the
serum enzymes. In this way, the growth factor may
actually facilitate its own release.

should consider that the PLLA matrix furnishes a threedimensional substrate in which cells can grow, whereas
the TCPS presents a two-dimensional substrate.
Authors: This is a valid comment. Future studies will
incorporate the analysis of cells cultured on flat PLLA
as controls.
C. Schmidt and R. Langer: Please comment on the
finding of increased DNA synthesis (proliferation) and
increased sulfated proteoglycan synthesis (differentiation)
upon incorporation ofTGF-,81 into the polymer scaffold.
Was this effect anticipated?
Authors: The concomitant increase in DNA and sulfated proteoglycan synthesis was somewhat unexpected
but this result can be explained by the presence of two
distinct cell populations within the PLLA matrices; those
that are incorporated into cell clusters and those that
exist as single cells dispersed throughout the matrix (see,
Fig. 9B). It is likely that the cells that are organized
into clusters are engaged in extensive cell-cell interactions, such as cell-cell communications (Coelho and
Kosher, 1991) and cell adhesion (Oberlender and Tuan,
1994a, 1994b}, crucial for cartilage differentiation; these
cells are probably responsible for the increased level of
sulfate incorporation observed. On the other hand, the
single cells within the PLLA act as typical fibroblasts
and proliferate in response to the TGF-,81 in the polymer
matrix.

M. Goldring: Do the authors intend to more fully characterize this system for its chondrogenic potential? The
radiographic experiments performed thus far, although
suggestive, do not provide definitive information
regarding expression
of chondrocyte specific
proteoglycans and collagen.
Authors: In view of our recent finding that 10Tl/2
cells can be induced by TGF-,81 under specific culture
conditions to assume a cartilage-like phenotype (Denker
et al., 1995}, we intend to further examine the utility of
the PLLA polymer scaffold described here for in vivo
cartilage formation.

E. Wang: Does growth on PLLA of these stem cells
alter their phenotype? Does treatment with TGF-,81 differentiate these cells, and is there synergy with PLLA
matrix?
Authors: Preliminary observations show that culturing
on PLLA alone (i.e., loaded with BSA instead of TGF,81) did not result in dramatic alterations in cellular phenotype in terms of biosynthetic profiles. In terms of the
cellular differentiation effect of TGF-,81, our recent
study (Denker et al., 1995) clearly demonstrated that
10Tl/2 cells exhibit chondrocyte-like phenotype when
cultured at high density (on TCPS) and treated with
TGF-,81. We are currently analyzing the molecular and
biochemical properties of the cells cultured in the TGF.B 1-loaded PLLA matrix to ascertain their phenotype.

C. Schmidt and R. Langer: The authors speculate that
the tight association of TGF-,81 with the PLLA matrix
may be advantageous, i.e., keeping the growth factor
closer to the adjacent tissue. Is there any evidence that
the bound TGF-,81 is active and could elicit a biological
response?
Authors: We do not have any direct evidence of the
activity of the bound TGF-,81 on tissues or cells.
Interestingly, two recent studies (Chesmel et al., 1993;
Sumner et al., 1995) have demonstrated increased osseointegration onto hydroxyapatite coated implants impregnated with TGF-,81.

Additional References
C. Schmidt and R. Langer: The authors suggest that
serum enzymes may help to degrade the polymer, thus
facilitating release of active TGF-,81 in the presence of
serum and cells. Is there any previous evidence to
suggest that PLLA degradation occurs by an enzymatic
mechanism, in addition to hydrolysis?
M. Goldring: Is it possible that an additional potential
explanation for the more rapid release of TGF-,8 in the
presence of cells is that enzymes released by the cells
themselves (e.g. , plasminogen activator via activation of
plasminogen in the serum to plasmin) could be involved
in releasing and/or activating the TGF-.B homodimer?
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